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A common joining method in microelectronics is thermosonic bonding of gold wires to aluminium pads deposited on the integrated
circuit. In the interface between the wire and the pad a number of intermetallic compounds AlxAuy can develop, which signiﬁcantly aﬀect
the mechanical properties and corrosion resistance of the bonds. Based on Onsager’s extremal principle of irreversible thermodynamics,
the present paper describes the evolution of the intermetallic phases. This macroscopic model contains several thermodynamic and
kinetic parameters, some of which are not available from databases. As an alternative to often cumbersome experiments, density func-
tional theory is applied to calculate the formation energies of the phases and of atomic vacancies, as well as the vacancy migration ener-
gies in AlAu4. To derive tracer diﬀusion coeﬃcients from the atomistic vacancy jump rates, one must take peculiarities of the AlAu4
lattice into account: the vacancy migration energy between certain gold sites is found to be rather low, but these low-energy jumps
are arranged in closed triangles and, therefore, do not provide paths for long-range diﬀusion of gold atoms. However, together with
two other types of jumps with still moderate migration energies, a contiguous network of diﬀusion paths for gold becomes possible. Since
the diﬀusion of aluminium in AlAu4 requires the generation of high- energy anti-site defects (at least temporarily), aluminium is expected
to move very slowly, but no ﬁnal solution is provided.
 2011 Acta Materialia Inc. Published by Elsevier Ltd.
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Contacts of gold wires on aluminium bond pads are of
special interest in microelectronics due to their widespread
use in ﬁne-pitch applications [1]. During the bonding pro-
cess and subsequent manufacturing steps, solid-state phase
reactions lead to the formation and growth of intermetallic
Al–Au compounds in the wire-bond interface [2]. This may
continue during the normal usage of the device, especially
at elevated temperatures, and it may be associated with
the formation of voids, microcracks, interface decohesion1359-6454  2011 Acta Materialia Inc. Published by Elsevier Ltd.
doi:10.1016/j.actamat.2011.08.021
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(C.M. Ulrich).
Open accesand the eventual failure of the wire bond [3–6]. The kinetics
of the solid-state phase reactions are controlled to a large
extent by diﬀusion processes in the bulk volume and along
the grain and phase boundaries. Hence an investigation of
the atomistic diﬀusion processes is vital for a better under-
standing of the degradation mechanism of wire bonds and
this understanding will help to improve the reliability of the
devices. Electric currents may also enhance microstructural
changes due to electromigration [7], an aspect which is not
covered by the present paper.
In close-packed metals, vacancy-mediated diﬀusion
mechanisms are dominant, although along grain or phase
boundaries other mechanisms, like interstitial mediated pro-
cesses, may also be important [8]. In general, the diﬀusion
coeﬃcients of the participating species are diﬀerent, whichs under CC BY-NC-ND license.
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cies across the phases at the interface. This is known as the
Kirkendall eﬀect [9] and has observable consequences, such
as relativemovements of the atomic lattice (Kirkendall shift)
or supersaturation of vacancies, leading to the formation of
pores at the transition between two phases [10,11].
The Au–Al system exhibits a rich phase diagram with a
number of stable low-temperature intermetallic phases [12].
Those which are most relevant to wire bonding are listed in
Table 1, along with their crystallographic data. Note that
the a- and b-AlAu2 phases are seldom distinguished in
the literature. Some experimental studies on Al–Au phase
kinetics have found all of these intermetallics to form
[4,13–16], while others have only reported subsets [17–
20]. This may suggest a strong dependence on manufactur-
ing conditions and alloy composition.
There have been diﬀerent approaches for simulations of
the reaction kinetics of layered systems of stoichiometric
phases, notably using Dictra [21] or similar approaches to
solve classical phenomenological equations, or applying a
thermodynamic extremal principle [22] to derive the phaseTable 1
Crystallographic data of low-temperature Al–Au intermetallics. In addi-
tion to the space group and lattice parameters, the Wyckoﬀ positions and
reduced coordinates of basis atoms are shown. The latter are from the
DFT calculations done in this work.
Compound Lattice parameters Position Relaxed coordinates
Al2Au a = b = c = 4.2407A˚, Al 2c (0.25, 0.25, 0.25)
Fm-3 m (225) a = b = c = 60,
from [24]
Au 1a (0.0, 0.0, 0.0)
AlAu a = 6.415A˚, Al 2e (0.1820, 0.25, 0.5798)
P21/m (11) b = 3.331A˚, Al 2e (0.6803, 0.25, 0.9532)
c = 6.339A˚, Au 2e (0.0240, 0.25, 0.1919)
b = 93.04, Au 2e (0.4946, 0.25, 0.3121)
a = c = 90,
from [25]
a-AlAu2 a = 6.715A˚, Al 4c (0.1315, 0.25, 0.2253)
Pnma (62) b = 3.219A˚, Au 4c (0.6478, 0.25, 0.5773)
c = 8.815A˚, Au 4c (0.0900, 0.25, 0.6126)
a = b = c = 90,
from [26]
b-AlAu2 a = 8.801A˚, Al 2a (0.0, 0.0, 0.0)
Pnnm (58) b = 16.772A˚, Al 4g (0.9806, 0.2014, 0.0)
c = 3.219A˚, Al 4g (0.0277, 0.4011, 0.0)
a = b = c = 90 Au 4g (0.3442, 0.0136, 0.0)
from [26] Au 4g (0.3596, 0.1874, 0.0)
Au 4g (0.3269, 0.4046, 0.0)
Au 4g (0.3626, 0.6061, 0.0)
Au 4g (0.3306, 0.7879, 0.0)
Al3Au8 a = b = c = 14.72A˚, Al 2b (0.0, 0.0, 0.0)
R-3c (167) a = b = c = 30.42 Al 4c (0.1557, 0.1557, 0.1557)
from [27] Al 6e (0.9339, 0.5661, 0.25)
Au 4c (0.2173, 0.2173, 0.2173)
Au 4c (0.0638, 0.0638, 0.0638)
Au 12f (0.0035, 0.6490, 0.2962)
Au 12f (0.1205, 0.6516, 0.3840)
AlAu4 a = b = c = 6.9227A˚, Al 4a (0.6875, 0.6875,0.6875)
P213 (198) a = b = c = 90 Au 4a (0.0671, 0.0671, 0.0671)
from [28] Au 12b (0.1342, 0.1999,0.4632)evolution on a macroscopic scale [23]. In both cases, one
has to rely on thermodynamic and kinetic data, such as
phase formation energies and diﬀusion coeﬃcients, which
need to be supplied by experimentation or other means.
The diﬀusivities of both Al and Au in the intermetallic
phases, which strongly control phase kinetics and interme-
tallic growth, are unknown, partly because of the lack of a
suitable aluminium tracer isotope. Diﬀusion couple exper-
iments with inert marker particles to obtain the Kirkendall
velocity and marker experiments with 198Au have been
done for gold-rich solid solutions [29], but, to the best of
our knowledge, mobilities and diﬀusion mechanisms in
the intermetallic compounds have not so far been reported.
In the present work, the evolution of the intermetallic
phases is described by a combination of models on three
diﬀerent length scales. On the smallest scale (Section 2.1),
quantum–mechanical density functional theory (DFT) is
used to calculate the formation energies of the intermetallic
phases and of vacancies. The vacancy migration energies
and the vibration frequencies of the atoms around a
vacancy are also calculated using DFT. These quantities
are needed in the atomistic diﬀusion theory – i.e. on the
intermediate length scale – to calculate tracer diﬀusion
coeﬃcients (Sections 2.2 and 3.4), which in turn are used
on the macroscopic level, where a thermodynamic–kinetic
model for the evolution of the phases is established based
on Onsager’s principle of maximum dissipation rate
[23,30,31] (Section 2.3).
There are few studies of DFT for the Al–Au system [32],
and those do not consider phase formation energies or
defect and diﬀusion properties. In the present study, our
focus lies on the phase AlAu4, as failures in bond contacts
by delamination or severely diminished strength after age-
ing often occur in the boundary between the AlAu4 and
Al3Au8 phases or between AlAu4 and the gold ball [11].
2. Modelling methods
2.1. DFT calculation of conﬁguration energies and migration
barriers
Total energies of the intermetallic phases and of vacan-
cies in these lattices are calculated by DFT [33,34], with the
local density approximation for exchange correlation
(LDA) [35]. The interaction of valence electrons with ionic
cores is described with norm-conserving pseudopotentials
[36]. Wave functions of the valence electrons are expanded
on a mixed basis [37–39] of plane waves and additional
localized functions for the d-states of Au. Boundary condi-
tions are periodic along all three lattice directions. Brillou-
in-zone integrations in reciprocal space are carried out on
k-point grids [40] with Gaussian broadening [41] of
0.2 eV (as given in Tables 2 and 3 for relaxations with
and without vacancies, respectively). In Section 3.3 mini-
mum energy paths and saddle point energies (see Fig. 1)
are determined by means of the nudged elastic band
(NEB) method [42].
Table 3
Vacancy formation energies calculated for sc and fcc supercells; dV: inter-
vacancy distance. Letters in parentheses indicate the Wyckoﬀ position of
the sites as given in Table 1. Note that, for the AlAu system, there are two
non-equivalent Wyckoﬀ e sites for both Al and Au. These values were
calculated from Eq. (2) with DlAl = DlAu = 0. To account for the
inﬂuence of Au-rich or Al-rich conditions, appropriate values of Dl from
Eq. (5) or (6) must be added (see Fig. 4).
Al2Au AlAu AlAu4
sc fcc sc fcc
kxyz 6  6  6 4  4  4 8  8  8 8  8  8 4  4  4
dV (A˚) 5.97 8.45 3.33 6.92 9.79
EAlV (eV) 1.98 (c) 1.89 (c) 1.90 (e) 2.14 (a) 2.15 (a)
1.79 (e)
EAuV (eV) 3.11 (a) 3.19 (a) 1.88 (e) 0.628 (a) 0.629 (a)
1.89 (e) 0.580 (b) 0.551 (b)
(a) (b)
Fig. 1. (a) A schematic of an atomic jump process in a unit cell of the
intermetallic compound AlAu4, shown as a projection in the (010)
direction. In this case, a jump of a gold atom to an adjacent aluminium
vacancy is presented. (b) The corresponding energy path, indicating
energy at the beginning (E1) and end (E3) of the jump and the saddle point
energy E2, is shown.
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pounds AlaAub were calculated according to
DHF ½AlaAub ¼ 1aþ b E½AlaAub  al
fcc
Al  blfccAu
  ð1Þ
where a and b are the number of aluminium and gold
atoms in the cell, E[AlaAub] is the calculated energy of
the cell, and lfccAl ¼ E½fccAl and lfccAu ¼ E½fccAu are
the chemical potentials of aluminium and gold in their bulk
face-centred cubic (fcc) phases, as calculated with the same
DFT method.
The formation energy for a vacancy is calculated as the
energy that is needed to remove one atom from the ideal
bulk structure, placing it into a reference structure where
the chemical potentials for gold and aluminium are known
as lAu and lAl, respectively. It follows that the vacancy for-
mation energies in an intermetallic compound AlaAub can
be calculated as [43,44]:
EAlV ½AlaAub ¼ E½Ala1Aub þ lAl  E½AlaAub
EAuV ½AlaAub ¼ E½AlaAub1 þ lAu  E½AlaAub
ð2Þ
Here, E[AlaAub] is the energy of the relaxed bulk cell, and
E[Ala1Aub] and E[Ala Aub1] are the energies of a cell
from which an aluminium or gold atom, respectively, has
been removed. lAl and lAu can vary according to the chem-
ical conditions, and are given by
lAl ¼ lfccAl þ DlAl
lAu ¼ lfccAu þ DlAu
ð3Þ
DlAl gives the deviation of the chemical potential of alu-
minium in the intermetallic from its value in equilibrium
with the fcc-Al phase, and DlfccAu likewise for the chemical
potential of gold and the fcc-Au phase. With the relation
aDlAl þ bDlAu  ðaþ bÞDHF ½AlaAub ð4Þ
only one independent variable remains, and vacancy for-
mation energies can be calculated over a range of chemical
conditions. For the intermetallic compound i, this range is
bounded on the aluminium-rich side by the thermodynamic
equilibrium with compound i  1 and on the gold-rich side
by the equilibrium with compound i + 1 (e.g. if i denotes
the compound Al3 Au8,i  1 would be AlAu2 and i + 1Table 2
Formation enthalpies of the low-temperature Al–Au-phases, as calculated
with Eq. (1), for the two plane wave cut-oﬀ energies Ecut. The k-point
sampling used in each case is also shown. The results indicate that the
formation energies converge well for Ecut = 218 eV.
DHF(kJ/mol)
Compound kxyz Ecut = 218 eV E cut = 300 eV
Al2Au 32  32  32 46.9 46.6
AlAu 12  12  12 43.4 43.2
a-AlAu2 8  8  8 36.3 36.3
b-AlAu2 4  2  8 35.7 35.7
Al3Au8 4  4  4 31.0 31.0
AlAu4 8  8  8 23.3 23.3would be AlAu4; see Fig. 3). The corresponding DlAl and
DlAu in the extreme cases can be calculated by application
of the double tangent rule and are given by
DlAu ¼ DHF ;i þ
DHF ;iþ1  DHF ;i
xiþ1  xi ð1 xiÞ
DlAl ¼ DHF ;i 
DHF ;iþ1  DHF ;i
xiþ1  xi xi
ð5Þ
for gold-rich conditions and
DlAu ¼ DHF ;i þ
DHF ;i  DHF ;i1
xi  xi1 ð1 xiÞ
DlAl ¼ DHF ;i 
DHF ;i  DHF ;i1
xi  xi1 xi
ð6Þ
for aluminium-rich conditions, with xi denoting the molar
fraction of gold in compound i.
During relaxation of the defect structures, the size of the
cell is kept ﬁxed.
Besides the vacancy formation energies, the migration
energies and the atomic vibration frequencies are also
needed for the calculation of the diﬀusion coeﬃcients.
The migration energies are calculated using the NEB
method [42] to ﬁnd the path with the lowest saddle point
Fig. 2. Geometry of the phenomenologicalmodel [23] used in this work. The
positive direction for the quantities ﬂux (j) and velocity (u,v) is to the right.
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cally in Fig. 1. The values at the starting position, E1, at
the saddle point, E2, and at the end position, E3, are used
later in the atomistic diﬀusion theory.
The so-called attempt frequency is calculated assuming a
harmonic model as the frequency of the atom at the start-
ing position:
m!;0 ¼ 1
2p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2DE
mDx2
r
ð7Þ
with DE the diﬀerence in total energy between the initial
state conﬁguration and a conﬁguration with the jumping
atom displaced by Dx, and m the mass of the jumping atom
(mAu = 197 u and mAl = 27 u). The attempt frequency for
the backward jump, m ,0, is calculated analogously from
the ﬁnal state conﬁguration and a conﬁguration with dis-
placement Dx of the jump.
2.2. Tracer diﬀusion coeﬃcients from atomistic diﬀusion
theory
The calculation of diﬀusion coeﬃcients from the attempt
frequencies and the activation energies of the elementary
jump processes is a complicated task. In general, large-scale
kinetic Monte Carlo simulations or equivalent methods are
needed to solve the problem. Ordered intermetallic com-
pounds pose special problems, which cannot be treated
by the classical atomistic diﬀusion theory [45–48]. Since
the approximate method to deal with these problems is
especially designed for AlAu4, it is better described in Sec-
tion 3, where the results for the Al–Au intermetallic com-
pounds are presented.
2.3. The phenomenological model for the reaction kinetics
For simulation of the reaction kinetics in a system of
intermetallic phases like the weld joint between an alumin-
ium bond pad and a gold wire, we use a phenomenological
model due to Svoboda et al. [23]. The geometry of themodel,
shown in Fig. 2, is a simple one-dimensional arrangement of
n planar layers of thickness di(i = 1   n), in which diﬀusion
by a vacancy mechanism occurs. Each of the layers consists
of a perfect binary intermetallic bulk phase with ﬁxed stoi-
chiometric composition, as designated by the molar fraction
of gold, xAu,i. The terminal phases are taken to be the pure
elements, their composition being xAu,1 = 0 on the alumin-
ium side and xAu,n = 1 on the gold side. The evolution of
the system towards a state of thermodynamic equilibrium
is governed by the diﬀusive ﬂuxes of gold and aluminium
atoms jAl,i and jAu,i, respectively. Since the phases are
assumed to be perfectly ordered stoichiometric compounds,
the ﬂuxes do not have gradients within the phases, and may
vary discontinuously at phase boundaries. Such a situation
can hardly be described by the standard diﬀusion equation,
as proposed, for example, by Xu and Van der Ven [49]. As a
consequence of the stoichiometry, there are no concentra-
tion gradients in the phases, and the thermodynamic factorsassume inﬁnite values. An alternative to using the diﬀusion
equation was proposed in Refs. [22,23,50]. It is based on
the principle of maximum entropy production, Q = max,
subject to the constraint Qþ _G ¼ 0, where G is the Gibbs
energy of the system [30]. TheGibbs energy can be calculated
from the molar Gibbs energies of the phases mGi. Its time
derivative is
_G ¼
Xn
i¼1
mGi _di
Xi
ð8Þ
For systems not too far from equilibrium, the total dis-
sipation (or entropy production) rate Q is a positive deﬁ-
nite quadratic form of the diﬀusive ﬂuxes with the tracer
diﬀusion coeﬃcients as the material parameters [22,23,50]:
Q ¼
Xn1
i¼2
RgTXidi
j2Al;i
xAu;iDAl;i
þ j
2
Au;i
ð1 xAu;iÞDAu;i
" #
ð9Þ
with T the absolute temperature, Rg the gas constant, Xi
the molar volume of phase i, and DAl;i and D

Au;i the tracer
diﬀusion coeﬃcients of aluminium and gold in phase i.
In cases in which the dissipation rate is quadratic in the
ﬂuxes, the principle of maximum entropy production leads
to
 @
@ji
_G ¼ 1
2
@
@ji
Q ð10Þ
with ji denoting the ﬂuxes jAl,i and jAu,i,i = 2 . . . n  1.
In order to carry out the diﬀerentiation of _G in Eq. (8)
with respect to the ﬂuxes, one needs a relation between
the thickening rate of the phases, _di, and the ﬂuxes. From
mass conservation arguments, one calculates the displace-
ment rates of the left and right interfaces of phase i
ui¼ XixAu;ixAu;iþ1 ½ðjAu;ijAu;iþ1Þð1xAu;iþ1ÞðjAl;i jAl;iþ1ÞxAu;iþ1
viþ1¼ Xiþ1xAu;ixAu;iþ1 ½ðjAu;ijAu;iþ1Þð1xAu;iÞðjAl;i jAl;iþ1ÞxAu;i
ð11Þ
in a reference frame where the local lattice is at rest (cf. Ref.
[23]). The thickening rates of each phase can be inferred
from Eq. (11) using:
_di ¼ ui  vi ð12Þ
Now Eq. (10), with Eqs. (8), (9) and (12) inserted, repre-
sents a system of linear equations for the ﬂuxes with the
boundary conditions that no reaction takes place at the
leftmost and rightmost boundaries, v1 = un = 0, and the
ﬂuxes in the terminal phases are zero:
 0] DFT Ecut=218 eV
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Fig. 3. DFT formation enthalpies of the low-temperature phases in the
Al–Au-System at 0 K compared to experimental data: (1) from Ref. [51],
(2) from Ref. [52] and (3) from Ref. [53]. For our DFT calculations, the
lines form a convex envelope, while the lines between experimental data
only serve as a guide.3. Results
Crystallographic information on all treated stoichiome-
tric phases in the Al–Au-system was taken from the ICSD
database [54], as shown in Table 1. All atomic positions
were allowed to relax until the maximum force on any
atom was below 0.001 Rydberg/bohr, i.e. less that
0.03 eV/A˚. In the case of vacancy calculations in the com-
pound Al2Au, we additionally optimized the lattice con-
stants, but this had negligible eﬀect on the calculated
formation energies. For the reference systems of pure fcc
bulk Al and Au, the calculated lattice constants are
3.97 A˚ for aluminium and 4.07 A˚ for gold, which are in
good agreement with other calculations using LDA
(3.99 A˚[55] and 4.06 A˚[56] for Al and Au, respectively).
Experimental values are 4.04 A˚ for aluminium [57] and
4.07 A˚ for gold [58].
3.1. Formation enthalpies of low-temperature Al–Au
intermetallics
The calculation of formation enthalpies from ﬁrst princi-
ples provides information about the thermodynamic behav-
iour of the intermetallics at equilibrium and phase stability.
To check convergence, two diﬀerent sets of calculations were
done, with two cut-oﬀ energies of Ecut = 218 and 300 eV.
Note that in the calculations we have ignored any contribu-
tions from temperature and pressure.1 Results for D HF
according to Eq. (1) are given in Table 2 and compared to
experimental data in Fig. 3. As can be seen, a good agree-
ment is obtained. The values of all the calculated formation
enthalpies, with the only exception of b-AlAu2, lie on a con-
vex curve (see Fig. 3), and the respective compounds are thus
expected to be stable equilibrium phases, in accordance with
experiment [59]. Phases with energies above this convex
envelope are unstable with respect to decomposition into
other phases. Therefore our calculated data give amore con-
sistent representation of observed low-temperature phase
stability than the experimental values from either Ref. Ferro
et al. [51] or Ref. Predel and Ruge [52], while being more
complete than Smithells Metals Reference Book [53]. We
note in addition that in the experimental works [51–53] the
observed modiﬁcation of AlAu2 was not further speciﬁed
as a- or b-AlAu2. Our results indicate that, at a stoichiome-
tric composition of precisely 1:2, a-AlAu2 is the prevailing
phase at low T.1 Ambient pressure in reality is close enough to zero pressure in theory,
hence DHF  DEF is a good approximation.3.2. Vacancy formation energies
Vacancy formation energies in the compounds Al2Au,
AlAu and AlAu4 were calculated according to Eq. (2), with
a plane wave cut-oﬀ at 218 eV. Table 3 and Fig. 4 show the
results. There is a clear trend that the formation energies
for gold vacancies are inversely correlated to the gold con-
tent. For gold-rich condition, the formation energy drops
from 2.85 eV in the most aluminium-rich compound Al2Au
to only 0.55 eV on a b position in the most gold-rich com-
pound AlAu4. For aluminium-rich conditions (Fig. 4b),
the EV change by not more than 0.1 eV in AlAu and AlAu4.
In Al2Au, the vacancy formation energy of gold is 0.34 eV
lower and that of aluminium is 0.55 eV higher when com-
pared to gold-rich conditions. In AlAu4, vacancy formation
energies for aluminium are signiﬁcantly higher than those
for gold, irrespective of the chosen chemical equilibrium.
In order to explore the eﬀect of the size of the unit cell on
the vacancy formation energies, additional calculations were
carried out for the cubic compoundsAl2Au andAlAu4 using
an fcc supercell with twice as many atoms as in the simple
cubic (sc) supercell and correspondingly greater inter-
vacancy distance, dV. As Table 3 shows, the resulting diﬀer-
ences of the formation energies are relatively small.3.3. Nearest neighbour jumps in AlAu4
For each vacancy, a list of possible jumps leading to an
exchange between the vacancy and one of its nearest neigh-
bours is required. We ﬁrst look at the local nearest-neigh-
bour environment of all the prototype atoms in the
unrelaxed bulk structure. There are three diﬀerent proto-
type atoms in AlAu4: Al and Au on Wyckoﬀ position a
(4 equivalent atoms each), and Au on Wyckoﬀ position b
(12 equivalent atoms). There are 10 unique pairings of
nearest neighbours in the structure, with bond lengths
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Fig. 4. Comparison of aluminium and gold vacancy formation energies in
Al2Au (fcc supercell with 23 atoms), AlAu and AlAu4 (fcc supercells with
39 atoms each) under (a) gold-rich and (b) aluminium-rich conditions.
Multiple bars for one element indicate vacancies at non-equivalent lattice
sites.
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involve an aluminium and a gold atom, allowing two diﬀer-
ent scenarios: aluminium jumping into a gold vacancy or
vice versa. Hence, we arrive at 14 diﬀerent calculations
needed to treat all possible nearest neighbour jumps involv-
ing a single vacancy. There are no nearest-neighbour jumps
of Al atoms into Al vacancies because the sites on the alu-
minium sublattice are completely screened by gold atoms.
The various jumps are summarized in Table 4.
The NEB method is used to calculate the minimum
energy trajectories and saddle point energies of each of
these elementary diﬀusion processes. Since a cut-oﬀ energy
Ecut = 218 eV has been shown to give good convergence,
we use this value and Monkhorst–Pack k-point samplings
of kxyz = 2  2  2. The results of all calculations are sum-
marized in Fig. 5 and Table 4. The lowest barrier is
0.27 eV, corresponding to an Au b atom jumping to the
nearest Au vacancy (jump type No. 5 in Table 4), while
the largest barrier is 1 eV, corresponding to an Au b atom
jumping to a nearest Al vacancy site (jump type No. 10).2 One pairing, which has a signiﬁcantly longer distance of 3.57 A˚and
completes the 14-fold coordination of Au b, has not been included in our
calculations.Note that, for all jumps involving an Al atom moving to
a nearest Au site, the ﬁnal energy is much higher, as shown
in Fig. 5c, since these jumps create an Al–Au anti-site
defect, in addition to an Al vacancy. The results of
Fig. 5c also indicate that the Al atom “sees” a much smaller
barrier for the jump going backwards than forwards.
Hence we already expect Al diﬀusion to be strongly
supressed relative to Au diﬀusion in AlAu4.
3.4. Tracer diﬀusion coeﬃcients
The calculation of tracer diﬀusion coeﬃcients from
vacancy hopping rates in ordered intermetallic compounds
is a complicated task, the solution of which generally
requires kinetic Monte Carlo or equivalent simulation
methods [45–48]. Instead of applying numerical methods,
we develop an approximate closed-form solution, which
illustrates the physics of the diﬀusion process in AlAu4.
First it is assumed that the high anti-site defect energies
prevent atoms from moving to the sublattice of the other
species. This means that, within this approximation, Al
cannot diﬀuse in AlAu4 at all, since aluminium atoms are
surrounded by gold atoms. Higher-order diﬀusion mecha-
nisms, e.g. six-jump cycles [47,60], which re-establish the
chemical order after a certain number of steps, are not con-
sidered. The analysis of a six-jump cycle would require
additional DFT calculations for the intermediate steps in
which anti-site defects are created and annihilated.
It is reasonable to assume that jumps with high activa-
tion barriers do not contribute substantially to diﬀusive
transport and can therefore be ignored. According to Table
4 the most favourable jump types that do not create anti-
site defects are type No. 5, with 0.27 eV activation energy,
type No. 8, with 0.44 eV, and type No. 12, with 0.48 eV. All
of these jumps take place between sites on the Au b sublat-
tice, and none of them alone provides a contiguous path
for long-range diﬀusion. Fig. 6 illustrates the situation.
There are triplets of sites that are connected by either
type-5, type-8 or type-12 jumps. The triplets are arranged
in isolated triangles, which are connected at their corners
with the triangles of the two other types. Gold atoms can
move easily within the type-5 triangles, but for long-range
diﬀusion they need to jump between these triangles, with
signiﬁcantly higher migration energies of 0.44 or 0.48 eV.
Hence one can consider the centres of gravity of the
type-5 triangles as the lattice sites of an elementary diﬀu-
sion model. These triangular ”traps” are coordinated six-
fold, with distances of 4.24 A˚. Because all the triangles
are equivalent (they can be transformed into each other
by the symmetry operations of a Wyckoﬀ a position),
and there are only two jumps to be considered (leading
to four jump rates, backward and forward), the calculation
of gold diﬀusion simpliﬁes considerably.
To calculate the (scalar) diﬀusion coeﬃcient for cubic
crystals, we start from the relationship [61]
D ¼ f Chr
2i
6
ð14Þ
Table 4
List of jump types, jump distances a, jumping atoms and vacancy types, forward and backward jump energies and attempt frequencies.
Jump type Jump distance a (A˚) Atom type Vacancy type Activation energy Attempt frequency
E! (eV) E (eV) m!,0 (THz) m ,0 (THz)
1 2.59 Al Au a 0.43 0.07 2.59 3.68
2 2.59 Au a Al 0.31 0.28 1.19 1.23
3 2.70 Au b Al 0.50 0.35 1.41 1.21
4 2.70 Al Au b 0.72 0.15 3.60 2.18
5a 2.86 Au b Au b 0.27 0.27 1.16 0.85
5b 2.86 Au b Au b 0.27 0.27 0.85 1.16
6a 2.88 Au a Au b 0.64 0.51 1.48 0.84
6b 2.88 Au b Au a 0.51 0.64 0.84 1.48
7a 2.90 Au a Au b 0.70 0.57 1.41 0.96
7b 2.90 Au b Au a 0.57 0.70 0.96 1.41
8a 2.91 Au b Au b 0.44 0.44 1.31 0.97
8b 2.91 Au b Au b 0.44 0.44 0.97 1.31
9a 2.92 Au a Au b 0.79 0.67 1.67 1.15
9b 2.92 Au b Au a 0.67 0.79 1.15 1.67
10 2.93 Au b Al 1.00 0.82 1.83 1.72
11 2.93 Al Au b 0.76 0.22 3.84 2.01
12a 2.95 Au b Au b 0.48 0.48 1.24 1.06
12b 2.95 Au b Au b 0.48 0.48 1.06 1.24
13 3.02 Au b Al 0.94 0.75 1.59 2.07
14 3.02 Al Au b 0.74 0.25 4.48 2.90
7640 C.M. Ulrich et al. / Acta Materialia 59 (2011) 7634–7644with the total jump rate from a given position C, the corre-
lation factor f and the mean squared jump displacement
hr2i. C is the sum of all the individual jump rates C0i to near-
est-neighbour positions i,
C ¼
Xn
i¼1
C0i ¼ xV
Xn
i¼1
m!;i exp
E!;i
kT
ð15Þ
with the vacancy fraction on the Au b lattice
xV ¼ expEVkT ð16Þ
the attempt frequency m!,i and activation barrier E!,i as in
Table 4. As a triangle is connected to any of its six neigh-
bouring triangles by two jumps, with the two activation
energies of 0.44 and 0.48 eV, it follows n = 12 and the val-
ues for jumps 8a, 8b, 12a and 12b in Table 4 each enter the
sum in Eq. (15) three times.
As the distances between triangle centres are all the
same, h r2i takes a value of (4.24 A˚)2 = 18.0 A˚2.
The correlation factor f in Eq. (14) describes the devia-
tion of the diﬀusion behaviour from an ideal random walk,
which occurs because successive jumps are not completely
independent in real materials. In fact, atoms that have just
moved by a vacancy mechanism are more likely to jump
back, thus eﬀectively neutralizing a fraction of the jump
rate. Therefore f assumes values between 0 and 1. The
approximation for the correlation factor that has been used
is [62]
f ¼ 1 P back
1þ P back ð17Þ
with Pback denoting the probability of a jumped atom to re-
verse its movement before the vacancy ﬁnally diﬀuses
away. Pback is given byP back ¼ C08a þ C012b
 
=C ð18Þ
in 50% of cases and
P back ¼ C08b þ C012a
 
=C ð19Þ
in the remaining 50%. The mean value of the resulting cor-
relation factors f is 0.71 and has only a negligible depen-
dence on temperature. It is practically identical to the
correlation factor that one would expect from Eq. (17) in
a sixfold coordinated lattice with uniform jump rates and
Pback = 1/6, f = 5/7.
Expression (14) for the gold tracer diﬀusion coeﬃcient
can be evaluated at variable temperature T, and through
an Arrhenius-type plot an eﬀective activation energy and
pre-exponential factor can be obtained. In spite of the diﬀer-
ent activation energies entering into the calculation, the
curve in Fig. 7 is linear up to 510 C. At this temperature,
the phase AlAu4 becomes unstable and undergoes a peritec-
toid reaction into the high-temperature b-phase and Al3Au8
[12,59]. The temperature dependency can be described as
DðT Þ ¼ A expEact
kT
ð20Þ
The pre-exponential factor A and activation energy Eact are
found from a linear ﬁt to be
A ¼ 2:62 107 m
2
s
Eact ¼ 1:00 eV ¼ 96:5 kJ
mol
ð21Þ
The activation energy is slightly greater than the sum of
the formation energy of an Au b vacancy and the migration
energy of a type-8 jump.
3.5. Phenomenological simulation of phase kinetics
In the following, we apply the phenomenological model
described in Section 2.3 to the case of an Al–Au interface,
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Fig. 5. Energy curves of (a) gold atoms jumping into aluminium
vacancies, (b) gold atoms jumping into gold vacancies and (c) aluminium
atoms jumping into gold vacancies in AlAu4, as obtained by NEB
calculations. In each case, the horizontal axis describes the index of the
NEB image. The numbering of the curves is the one used in Table 4 and
the lines are spline interpolations. Curve number 1, involving a vacancy on
an Au a-position, has been oﬀset by 0.13 eV indicating the slightly higher
vacancy formation energy of Au a compared to Au b.
Fig. 6. Local environment of a triangular vacancy trap in AlAu4, as seen
along the (111) direction. Semitransparent triangles are type-5, with low
activation energies of E! = 0.27 eV. Green and blue dotted arrows denote
jumps of type-8 and type-12, with 0.44 and 0.48 eV activation energies,
respectively. Jumps in the direction of the arrows are of type a (see Table
4). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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Fig. 7. Arrhenius plot of the gold tracer diﬀusion coeﬃcient D* in AlAu4,
as calculated from Eq. (14) in the temperature range 0 C 6 T 6 510 C.
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phases, as it may be observed in the centre of a thermosonic
ball bond contact during ageing. Initially an aluminium
layer with 1 lm thickness is covered by a 10 lm thick gold
layer. The only compounds allowed to grow at the interface
are AlAu4 and Al3Au8. This is consistent with observations
on modern, miniaturized bond contacts, in which phases
like Al2Au play a minor role as compared to earlier works
[4], and occur mostly just in the periphery of the ball bond
in the later stages of the reaction.
In the present work, we only calculated the gold diﬀu-
sion coeﬃcient in the most gold-rich phase AlAu4 atomis-
tically. The aluminium diﬀusion coeﬃcient, which was not
explicitly determined atomistically, is set to a very small
value. Further, the diﬀusion coeﬃcients in Al3Au8 are
assumed to be the same as in AlAu4, i.e. we use the empir-
ical Cu3Au rule [63]. As this rule gives a systematic depen-dence of defect and diﬀusion properties in binary
intermetallics on their composition, it seems reasonable
to treat AlAu4 and Al3Au8 similarly in this respect, given
the small diﬀerence in composition and the fact that in both
structures there are no Al–Al nearest neighbours.
The molar Gibbs energies of the involved phases were
set to their formation enthalpies. Since in our model there
is no diﬀusion in the terminating phases of the system, no
diﬀusion coeﬃcients in the fcc-Al and fcc-Au phases are
needed. The molar volumes for all phases were set to
1.0  105 m3 per mol and are not expected to inﬂuence
the diﬀusion noticeably, as all stresses from volume
changes can relax in the considered planar idealization.
The result of the simulation for a constant temperature
of 175 C is shown in Fig. 8. From the beginning of the
7642 C.M. Ulrich et al. / Acta Materialia 59 (2011) 7634–7644reaction, both allowed intermetallic compounds exhibit a
parabolic growth behaviour in time, leading to straight
lines in the plot of d vs.
ﬃﬃ
t
p
. In this initial stage, the phase
Al3Au8 grows considerably faster than AlAu4, which can
be attributed to its lower formation enthalpy of
29 kJ mol1 compared to 23 kJ mol1 for AlAu4, as
the diﬀusion coeﬃcients were chosen to be the same and
the compositions are similar.
4. Discussion
In the presented version of the phenomenological
model, all the allowed intermetallic phases whose molar
free energies are along the convex envelope of Fig. 3 nucle-
ate at the same time at the very beginning of the simulation
and grow concurrently. Due to the assumptions made in
the model, which neglects any limitation of the reaction
rate at the intermetallic interfaces, this growth behaviour
is expected and conforms with well-known results from
studies of reactive diﬀusion in a purely diﬀusion controlled
regime [64,65].
A drastic change in kinetics occurs as soon as the alu-
minium has been consumed after about 112 h (marked with
a black vertical line in Fig. 8). From then on, the growth
rate of AlAu4 accelerates at the expense of Al3Au8, which
now serves as the source of aluminium for the continued
evolution of the system. This is in qualitative agreement
with experimental results [20,66], where, after the consump-Fig. 8. Time dependence of phase thicknesses of a planar diﬀusion sample
as obtained from the phenomenological model. The initial condition was
dAl ¼ 1 lm; dAl3Au8 ¼ 10 nm; dAlAu4 ¼ 10 nm and dAu = 10 lm. The
black vertical line indicates the time when the pure aluminium layer is
completely consumed and the phase kinetics start deviating from the ideal
parabolic behaviour.tion of the aluminium, a thick layer of Al3Au8 gets
converted to AlAu4. In these experiments, it was found that
the AlAu4 grows mainly at its interface with the more Al-
rich phase, while voids and interfacial ﬂakes remain embed-
ded close to the interface with the gold wire. If one
interprets these features as marker particles to visualize a
Kirkendall shift, this is exactly the behaviour expected
for compounds where diﬀusion of gold is the dominant
transport mechanism and hardly any aluminium diﬀuses.
Our approximation that the diﬀusivity of aluminium can
be ignored and there is no aluminium in the fcc gold phase
clearly reproduces this behaviour with the employed mass
balance equations: inserting jAl,i = 0 and Eq. (13) into
Eq. (11) yields an expression for the growth velocity at
the gold-rich end of the AlAu4 phase,
un1 ¼ Xn1xAu;n1  xAu;n ð1 xAu;nÞjAu;n1 ð22Þ
with n = 4 before and n = 3 after the consumption of the
aluminium layer. Since xAu,n = 1, this velocity is zero and
the AlAu4 phase only grows on the aluminium-rich side,
while any markers on the gold-rich side, like oxide ﬂakes
or pores, remain at their position close to the Au–AlAu4
interface.
In spite of this qualitative agreement with experimental
observations, the timescale of the reactions is not the same.
Speciﬁcally, our predicted time of complete consumption
of the Al layer of (636)2s = 112 h is about a factor of 10
longer than the reported value of 11 h [20]. The most likely
of several possible explanations appears to be that diﬀusion
along grain boundaries or other lattice defects may be sub-
stantially faster than in the ideally ordered intermetallic
bulk phases, in particular because of the presence of colum-
nar grains in both Al3Au8 and AlAu4.
5. Summary and conclusions
Our focus in the present work has been the investigation
of reactive diﬀusion in thermosonic contacts of gold wires
on aluminium bond pads. We have presented a simple
but eﬀective method for modelling phase reaction kinetics
which couples atomistic calculations, based on DFT, to
large-scale phenomenological continuum models, based
on Onsager’s extremal principle. DFT calculations were
used to investigate the thermodynamic stabilities of various
AlxAuy intermetallic phases via the calculation of the for-
mation enthalpies. Our results show that Al2Au is the most
stable, and has the lowest formation enthalpy, in agree-
ment with experimental caloric measurements, and that
the a-AlAu2 phase is more stable than b-AlAu2. Alto-
gether, our calculated formation enthalpies give a more
consistent representation of experimental results, demon-
strating the power of DFT calculations in augmenting
experimental data, e.g. as input to CALPHAD databases.
The DFT method was also used to study vacancy-mediated
diﬀusion mechanisms on the atomic scale. Atomic migra-
tion paths and barriers were investigated using the NEB
C.M. Ulrich et al. / Acta Materialia 59 (2011) 7634–7644 7643method. Our results indicate that the empirical Cu3Au rule,
which predicts the more abundant species in intermetallic
compounds to be the more mobile one, is clearly justiﬁed
for aluminium–gold compounds. An approximate model
for the calculation of tracer diﬀusion coeﬃcients from the
vacancy jump rates in AlAu4 is developed. The essence of
the model is that the vacancy jumps with the smallest acti-
vation energy occur in closed triangles and therefore do not
support long-range diﬀusion. Rather, long-range diﬀusion
is controlled by jumps between these triangles. The atomis-
tically calculated diﬀusion coeﬃcient and formation enthal-
pies are then used as input data for a phenomenological
simulation of the growth behaviour of AlAu4 and Al3Au8
at the aluminium–gold interface in a multilayer model for
the system bond pad–wire–ball at 175 C. In agreement
with results from experiments [20] for alloy systems, we
obtained a rapid growth of the Al3Au8 phase in the initial
stage of ageing. Upon complete consumption of the alu-
minium ﬁlm, the Al3Au8 phase transforms into the AlAu4
phase. In this ﬁnal stage, the main reaction is that of
Al3Au8 with gold that diﬀuses through the AlAu4 phase,
while the contribution of aluminium diﬀusing to the Au–
AlAu4 interface to AlAu4 phase growth is negligible. This
unbalanced diﬀusion is expected to cause further phenom-
ena related to the Kirkendall eﬀect, like pore growth on the
Au–AlAu4 interface weakening the bond contact. Further
work on the determination of kinetic data of further Al–
Au phases in addition to AlAu4 is in progress.
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